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While a substantial amount of work has been done with bubble plumes in stratified 
environments, little work has been done with regard to sediment and bubble plumes. The ability 
of the bubble plume to suspend sediment is studied in this report. The research was conducted in 
relationship to a United States Army Corps of Engineers project dealing with the design of the 
McCook Reservoir to hold combined sewer overflow water until it can be properly treated. The 
C q s plans to use bubble plumes to increase the nxygen c.oncentration in the water to prevent 
anaerobic decomposition, as well as to help keep the sediment mixed and in suspension. 
Experiments were conducted in a square tank with each side measuring approximately 
one meter. Mixing efficiencies were first measured using a linear salt stratification in the tank. 
This was done to determine if any stratification that may set up in the McCook Reservoir would 
be a problem as well as to test the experimental tank against other previous research. The 
efficiencies measured in the tank correlated well with those of similar work done by Asaeda and 
Irnberger (1 993) and Zic, Stefan, and Ellis (1 992). The bubble plumes produced enough energy 
to easily breakdown any stratification above the air diffuser, but weak linear stratifications were 
turned into two-layer stratifications right at or just below the diffuser. This stratification could 
prevent oxygen transfer to sediment on the bottom of the reservoir. 
The experiments containing sediment were conducted without any stratification, and they 
used crushed walnut shells as a sediment surrogate. The shells were found to be representative 
of the larger particles in combined sewer overflows. Unfortunately, only a small fraction of 
these particles were kept in suspension by the bubble plume. The suspended fraction decreased 
with time and reached a steady state value after about two residence times based on the airflow 
rate and tank volume. It was found that there was only a weak correlation between the amount of 
suspended particles and the normalized airflow rate of the diffusers. It is believed that the 
correlation may be much higher between the amount of particles in suspension and the size of the 
particles. To keep the largest particles in combined sewer overflows in suspension, additional 
mixing devices would be necessary. More study is needed to determine if the bubble plumes can 
keep the smaller particles in suspension. The information that was obtained in this research will 
be used to design other experiments and to help with the final design of the air diffuser system in 
the McCook Reservoir. 
This project report is for research being conducted for the design of McCook Reservoir to 
hold combined sewer overflow water in Chicago, Illinois. The work was funded by the U. S. 
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CHAPTER 1-INTRODUCTION 
le1MOTIVATION 
The ability of bubble plumes to mix and aerate the surrounding water remains very useful 
in the water treatment industry. Air released below the surface of the water will rise due to the 
buoyancy of the bubbles. As these bubbles move vertically and laterally they will cause a flow 
that entrains water from its surroundings creating a plume of water and air. Many researchers 
have studied bubble plumes. Tremendous efforts have been made in trying to fully understand 
the mixing abilities and the characteristics of the bubble plume. Most of this research has been 
done in stratified water bodies, such as a stratified tank or a lake with a summer thermocline. 
While destratification of lakes has been one of the most beneficial uses of bubble plumes, there 
is one aspect that has not been given much attention. It is rare that the water in lakes or water 
treatment plants is free of suspended particles. What is the effect of these particles on the mixing 
done by the bubble plume and what is the effect of the bubble plume on the paiticles? This 
question will be examined in relation to the McCook Reservoir project in Chicago, Illinois. 
The Army Corps of Engineers is constructing a reservoir to handle combined sewer 
overflow in Chicago. The McCoolc Reservoir will be filled with water only following large 
rainfall events in the Chicago area. The reservoir will be used to hold the water until it can be 
properly treated. The Army Corps of Engineers is concerned about particles settling out and 
staying in the bottom of the reservoir. These particles would eventually cause very unpleasant 
odors for nearby residents. It is the goal of the Army Corps of Engineers and this research 
project to be able to use air diffusers and bubble plumes to keep the contents of the reservoir 
mixed until it is pumped out and treated. It is important to understand if the air diffusers would 
keep the sediment in suspension or if the sediment would have to be allowed to settle out. It is 
also important to understand the effect of the sediment on the mixing abilities of the bubble 
plumes. Based on the work of past researchers it was believed that bubble plumes in the 
experimental tank could be compared with those in the McCook Reservoir. Schladow (1992) 
defined two parameters that controlled the efficiency of the bubble plume. The efficiency 
oscillates depending on the point of the detrainment of the plume. The efficiency will have a 
maximum value if the plume detrains right at the water surface; otherwise energy is lost through 
the surface and the efficiency is reduced. His results showed that an increase in the airflow rate 
would usually increase the efficiency. However, with sediment being added to the experiments it 
is believed that there might be a point of diminishing returns when it comes to efficiencies and 
the airflow rate at which the air diffusers are run. It is possible that continuing to pump more and 
more air into the system will not increase the bubble plume's ability to keep particles in 
suspension. It is believed that over time more and more particles will settle out regardless of the 
airflow rate. It might not be possible or economical to attempt to keep the particles in suspension 
for a long period of time using only bubble plumes. 
1.2 OBJECTIW 
This project is part of the first stage of the work being done on the McCook Reservoir. 
Future work on this project will include experiments in an old digester tank at the Urbana, 
Illinois, Water Treatment Plant. The information gained in the experiments in this report can be 
used to help understand how to better instrument this larger model of the reservoir. The 
experimental data that were obtained can also be used to better understand the effects of 
sediment on bubble plumes. 
experimental data that were obtained can also be used to better understand the effects of 
sediment on bubble plumes. 
The main objective of this project is to answer two questions posed by the Corps: 
I. What effect will weak stratifications have on McCook Reservoir? 
2. How much sediment will stay in suspension? 
It was hypothesized that the air diffusers would easily destroy any weak stratification that 
may be present in the McCook Reservoir. The second hypothesis was that all but a small 
fraction of the sediment would settle out. It was believed that the airflow rate that was going to 
be used in the McCook Reservoir could be scaled down to produce a similar flow pattern in the 
experimental tank. It was also thought that a time parameter could be developed to scale the 
mixing times from the experimental tank to the large reservoir. 
Along with answering these questions, the smaii tank was thought necessary for flow 
visualization. The flow patterns created by the bubble plume are described in Section 4.1 of the 
results chapter. The next section gives a brief summary of how the US Army Corp of Engineers' 
questions were answered in the completion of this research project. 
1.3 SUMMARY 
A square tank totally made of Plexiglas was used so that the processes in the tank could 
be easily visualized. For stratified experiments it was possible to observe the plunge point of the 
flow and an internal wave that was created. In the experiments in which sediment was added a 
pattern formed on the bottom of the tank (Figure 4.1) that help to make it possible to understand 
the flow field. Velocities were measured to determine the flow field in the tank. Section 4.1 
describes the flow field that was created in the tank and its effect on the other pasts of this 
research. 
To investigate the effect of a weak stratification on the McCook Reservoir several 
experiments were run in the tank with different strengths of stratification. Mixing efficiency was 
determined using a fast-response temperature conductivity probe, which provided density 
profiles. These profiles were used to examine the change in potential energy. That change was 
compared to the work done by the plume to get a mixing efficiency as a function of the plume 
number, which involves the stratification strength and plume inertia as described in Section 2.2. 
Mixing efficiencies were similar to what other researchers have found. It was also 
determined that the bubble plumes would turn a weak linear stratification into a sharp two-layer 
stratification right at the depth of the diffuser. It was found that it would take the bubble plumes 
a significant length of time to break down this bottom layer of stratification. Therefore, it might 
be necessary to use additional mixing devices in the reservoir to insure that the bottom does not 
go anaerobic. 
The ability of the bubble plume to keep the sediment suspended was examined in an 
unstratified environment. A flow field was established and then sediment was added to the tank. 
Profiles of sediment concentration were measured using an optical backscatter probe and the 
amount of sediment in suspension in the tank was calculated. The term "suspended fraction" 
represents the total mass of sediment in suspension divided by the total mass of sediment in the 
tank. Crushed walnut shells were used as a sediment substitute in the experiments. The walnut 
shells had an average diameter of lmrn and a dry specific weight of 0.4, however, once wet they 
had a specific weight of 1.4. According to an EPA report on sediment sizes in combined sewer 
overflow the walnut shells would be among the top 15% of all the particles in the water 
compared by size (Dalrymple 1975). 
In the experiments done with sediment it was found that the bubble plumes were only 
capable of keeping only a very small fraction of the crushed walnut shells in suspension. The 
walnut shells would be equivalent to the largest particles in combined sewer overflows and it 
was believed that the bubble plumes would do a much better job with finer sediment. There was 
only a weak correlation between the suspended fraction and the airflow rate in the tank. The 
correlation between particle size and the suspended fraction was thought to be much higher and 
therefore a more important factor. 
The airflow rates that were used in the experimental work were scaled from the actual 
airflow rates in the McCook Reservoir using the source strength parameter, M: 
M, which was first presented by Schladow (1992), is discussed further in the next chapter. If the 
flow is unstratified-as McCook Reservoir is expected to be--and values of M are the same, 
then the model plume and prototype plume will have similar characteristics (Schladow 1992), 
although gas transfer can affect the scaling (Bombardelli et al. 2001). A parameter was also 
developed that was used to look at the time scales of mixing and settling and what those times 
scales might be in the McCook Reservoir. More research is needed to determine if they will 
indeed work but the results do show some promise when compared to the time estimates 
calculated from Schladow 's model. 
1.4 THE McCOOKMSERVOIR PROJECT 
Most of the other bubble plume research was large-scale work done in lakes. The large- 
scale research will be reviewed and used as more work is done on the McCook Reservoir project. 
That work will include large-scale experiments and extensive modeling work. The reservoir will 
eventually be located in McCook, Illinois in the pit left from a rock quany. As stated before, the 
reservoir wiii be used to store combined sewer overflow water after iarge rainfall events in the 
Chicagoland area. The volume of the reservoir will be roughly 40 billion gallons depending on 
the magnitude of the rainfall event. Once wastewater treatment plants are again capable of 
treating the overflow water in the reservoir, the water will be pumped out and treated. The 
estimated retention time is thought to be about 6 days on average, depending on the magnitude or 
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out and become anaerobic, causing unpleasant odors for nearby residents. The goal is to use air 
bubble diffusers to aerate the water and hopefully to provide some mixing as well. Mechanical 
mixers as well as jets will also be investigated in the large-scale experiments to determine if they 
can be used to mix and or help empty the reservoir of both water and sediment. When 
successfully completed, this project will insure that the large amounts of combined sewer 
overflow water that is generated by large storm events in urban areas will be fully treated before 
it is released back into the environment. 
1,sOVERWEW OF mPORT 
Chapter 2 contains a literature review on what has been done with bubble plumes in the 
past. It focuses in specifically on the different non-dimensional parameters that are used to 
define the bubble plume. Chapter 3 takes an in-depth look at the experimental procedures and 
methods that were used to answer the questions posed in this chapter. Chapter 4 discusses the 
results of the experiments and chapter 5 is a summary including recommendations for future 
research efforts. The Appendix contains the different experimental data sets that were created in 
this research. Calibration curves for the probes are also presented in the appendix. 
CHAPTER 2 L I T E  VIEW 
A review of the literature dealing with bubble plumes uncovered a large amount of 
research done with respect to modeling the bubble plume. Both large scale and lab experiments 
have been done in stratified as well as unstratified environments. Many aspects of the bubble 
plume have been measured, such as centerline velocity, mixing efficiency, and entrainment 
abilities. However, while some literature on gas-liquid-solid flows exists (e.g., Majumdar et al. 
1995), no literature was found dealing specifically with the effect of sediment on the mixing 
efficiency of the bubble plume. Research done in unstratified environments will be examined 
first. This section includes the ideas about entrainment and the bubble Froude number. Then the 
research in stratified environments will be considered. The different parameters that describe the 
stratification strength and the source strength will be discussed. Finally, the efficiencies of 
bubble plumes and how they relate to the stratification and source strength parameters will be 
reviewed. 
TIFIED ENVIRONMENTS 
Early research with bubble plumes focused on developing an integral theory for bubble 
plumes. Research done by Kobus (1 968), Ditmars & Cedenvall (1974), Topharn (1 979 ,  
Fannelop & Sjoen (1 980), and Milgram (1 983) all looked at the radial velocity profiles of bubble 
plumes. It was determined that a Gaussian distribution fits well to profiles of vertical velocity 
vs. radius. Ditmars & Cedenvall(1974) presented an integral theory for bubble plumes that was 
based on an entrainment hypothesis, which came from the entrainment hypothesis that Morton, 
Taylor, and Turner defined in 1956. They hypothesized that the amount of surrounding water 
that was entrained by the plume was proportional to both the plume circumference and the 
centerline velocity. They set forth a proportionality constant called the entrainment coefficient, 
a.The entrainment hypothesis was defined as: 
where Q is the liquid volume flux, z is the distance above the diffuser, and b(z) and U(z) are the 
plume width and centerline velocity. Milgram as well as other researchers used arrays of current 
meters suspended at different distances above the difhser to measure plume velocities. These 
current meters produced a velocity profile, which, using a least squares fit, was then fit with a 
Ga~lssian f~~nction. The values of U and b were then chosen to minimize the deviation between 
the Gaussian function and the data. The liquid volume flux was then approximated by a linear 
function involving U and b. By rearranging Equation 2.1, a could be easily deterrnined from the 
plume parameters. 
Ditmars & Cedenvall also introduced a bubble slip velocity, us, which allowed the 
bubbles to move faster than the water. However, their theory approximated the plume density 
and neglected the momentum flux carried by turbulence. In later experiments, Milgram (1983) 
measured momentum flux and found that approximately 50% of the mean momentum flux came 
from the turbulence. Another important parameter that Milgram measured was the gas fraction, 
h. In order to determine the plume density it was important to know h,which was the ratio of 
the gas-containing radius to the plume radius. 
In presenting his integral plume equations Milgram (1983) used four parameters in the 
theory: us, h, a, and y. The slip velocity, us, was found to be approximately 0.35 rnls, while h 
varied from 0.3 to 0.8 in different experimental results. The momentum-amplification factor, y, 
and a were found to have semi-empirical hnctional relationships to the local plume properties. 
In most large-scale lab experiments with airflows hlgh enough to make the distance between 
bubbles in the plume small, the momentum-amplification factor was close to 1. Most researchers 
also use a constant value for a of approximately 0.083. However, Milgram found a to vary 
based upon what he defined as the bubble Froude number: 
FBwas not a traditional Froude number but was based on the independent variables associated 
with pressure, inertia, and surface-tension forces. L, and LDare both length scales: 
where Q is the airflow rate, g is the acceleration of gravity, A is the centerline gas fraction as 
defined by Equation 2.5, T is the surface tension of water, and p, and p, are the density of the 
water and the gas inside the plume respectively. L, was a measure of mixing distance of bubble 
motions in the turbulence. LDwas the characteristic distance between bubbles and the numerator 
of LDis the characteristic length scale of a bubble (Milgram 1983). The centerline gas fraction, 
A, was defined as 
S is a local density defect, which was determined from the flow parameters by using 
(Pw-Pg (2))4(2) 
S(Z) = f \ 
where u~ is the bubble slip speed and is simply a function of ?L and the bubble slip velocity: 
All the other parameters are as defined previously. Milgram showed that the centerline gas 
fraction went to zero as the distance above the diffuser increased, due mostly to the increase in 
piume diameter, which was inverseiy reiated to S. 
Figure 2.1 shows the relationship that Milgram established between a and FB. FB is a 
function of both Q ~ ' ~and A"~ .  One way to increase FBwould be an increase in q, which would 
increase the value of L,. A larger mixing distance of bubble motion in the turbulence increases 
the ability of the plume to entrain water and therefore increases a. However, the entrainment 
0.083 is the typicalvalue used for a --
--- --.-. 
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Figure 2.1-Entrainment coefficient vs bubble Froude number, Milgram's experimental 
data is represented by the X's and the line is the relationship determined by 
Milgram's modell 
coefficient approaches a constant as FBincreases, which hints that there might be a maximum 
entrainment coefficient value for a bubble plume. Although a appears to reach a constant the 
total amount of entrained water would still increase because it is also proportional to b and U as 
seen in Equation 2.1. 
2.2 BUBBLE PLUMES IN ST TFIFIED ENVIRONMENTS 
McDougall(1978) looked at both a simple plume model and, as he called it, a double- 
plume model. McDougall's experiments showed that there were really two plumes: an inner one 
where the bubbles traveled to the surface and an outer one that entrained and detrained the 
surrounding liquid. He began to expose the complexity of a bubble plume and took a closer look 
at the entrainment as well as detrainment abilities of a bubble plume in a stratified environment. 
McDougall proposed two dimensionless variables to help define bubble plumes. One of these 
parameters was related to the stratification strength of the plume and the second was related to 
the source strength of the plume. Recently, Asaeda and Imberger (1993) as well as Schladow 
(1992) have better developed McDougall's theory and it is their work that will be discussed. 
The stratification strength parameter will be examined first. 
The first parameter was defined by Schladow was 
a measure of the stratification strength. The buoyancy frequency 
is defined in the standard way. The initial mean density of the stratification profile was used as 
the reference density, p, throughout this research. Q, is the airflow rate at the water surface. HA 
is the atmospheric pressure in meters of water (-1 0.21111 and H is the depth of the water above 
the diffuser. HT (=HA+H) is the total pressure head. Asaeda and Imberger (1993) best defined C 
as "the ratio of the potential energy needed to be overcome to lift bottom fluid to the surface to 
the available bubble buoyancy energy." 
Asaeda and Imberger (1 993) presented the Plume number, 
which they first used in 1988. PNis a dimensionless quantity that took into account N, g, H and 
QB,the airflow rate at the diffuser: 
Q, = Q,-HA [2.11] 
HT 
This was determined by taking into account the pressure due to the depth of water at which the 
air diffuser was located. PN was used in this research for two reasons. In the small depths used 
in this research the value of HT would have been controlled far more by the atmospheric pressure 
then by the depth of the water in the tank. The second reason was because the experimental data 
of Lemckert and Imberger as well as Asaeda and Imberger, which were expressed in terms of PN, 
were used for comparison purposes. 
C and PN measure the relative importance of the buoyancy forces and the plume inertia. 
Large values of C and PN would normally be caused by bubble plumes located in deep bodies of 
water or in bodies of water that had very strong stratifications. A large value of C or PN wo~ ld  
mean that the bubble plume might not have sufficient energy to lift the fluid fiom the bottom to 
the surface of the water body. This would then lead to much longer times before the body of 
water was fully mixed and, therefore, lower efficiencies. Conversely, as the values of C or PN 
decrease in size and if other parameters are held constant, it would mean that the bubble plume 
had a greater chance of producing more than the energy that would be needed to fully mix the 
water body. This could lead to a higher value of mixing effectiveness and shorter mixing times 
if energy is not being wasted. However, the same plume would have a lower mechanical 
efficiency because the plume may not be working at its full potential. The plume may not reach 
its potential since a lower value of C would typically be caused by a weaker stratification or a 
smaller depth, which results in less energy being needed to fully mix the water. 
Most of the research was done in linearly stratified enviro~ments, hourever some, like the 
experiments done in the field, was done in two layer stratifications. Lemckert & Imberger 
(1993) presented a method to convert a Plume number based on a two-layer stratification to a 
Plume number based on a linear stratification. This helped to make the Plume number more 
universal and made it possible to use the Plume number as a comparison tool throughout most of 
the research. McDougall(1978), Zic, Stefan & Ellis (1992), Schladow (1992), Asaeda & 
Imberger (1 993), Lemckert & Imberger (1 993) all plotted C or Plume number versus other 
parameters of the plume. Because both C and the Plume number are dimensionless, it was 
possible to compare different experimental setups as well as field data to produce a relationship 
between C or PN and efficiency as will be discussed later. The second dimensionless variable is a 
source strength parameter, representing the source strength (McDougall 1 978, Schladow 1992): 
where pa is atmospheric pressure. Asaeda and Imberger (1993) developed a similar source 
strength parameter: 
The two non-dimensional parameters were found to be different by a factor of H/HT. This factor 
is defined below as HR and was the third parameter used by both Schladow (1992) and Asaeda 
and Imberger (1993) to characterize the bubble plume. 
Since M is a source strength parameter it increases with the airflow rate of the diffuser. 
Simply put large values of M or MHmean large airflow rates and smaller airflow rates had lower 
values. As will be seen in the next section, the efficiency was most closely tied to the value of 
M. Higher values of M mean more mixing and greater mixing efficiencies because there are 
simply more bubble to do the work. Since bubble plumes are driven by buoyancy it makes sense 
that more air bubbles would correspond to more energy being produced by the bubble plume. 
Both Schladow and Asaeda and Imberger introduced a third dimensionless number, HR, 
which came from the compressibility scale effect. While compressibility effects were included 
in Milgram's research he did not include a separate term for them. Asaeda and Imberger used 
HR for some comparisons while Schladow used it to nondimensionalize the height variable z. 
The two triplets (C, M, HR and PN,MH,HR) of dimensionless numbers were both found 
to characterize the flow patterns in the same way by Lemckert and Imberger (1 993). As 
previously stated PN,MH,and HR will be used for comparison purposes in the stratified 
experiments but Schladow's M will be used through out the rest of the research. Recent work of 
Bombardelli et al. (2001) shows the importance of mass transfer on the scaling; their work will 
be described in Section 32.2. 
To describe the mixing due to a bubble plume, Schladow (1992) used two parameters. 
One is the mechanical efficiency, or mixing efficiency: 
APE represents the change in potential energy while the denominator represents the isothermal 
work of compression done by the bubble plume during the time interval At. Depending on the 
value of C, Schladow found that a bubble plume could entrain and then detrain water at several 
points as it moved toward the surface. Peak efficiencies were expected when the last 
detrainment point of the plume was right at the surface of the water. For mechanical efficiency 
Schladow's results did in fact show a series of peaks in the efficiencies. These peaks were found 
to correspond to values of C that produced a bubble plume that detrained right at the surface of 
the water. If the plume did not detrain right at the surface of the water then a large amount of 
energy would be lost as the bubbles left the water and, therefore, mechanical efficienc.7 J would 
decrease. 
The other parameter was the mixing effectiveness, based on the ratio of the difference 
between the final and initial potential energy to the difference between the potential energy when 
the water body was homogenous and initial potential energy. This value was then divided by the 
time step of Schladow7s model, one day, to produce mixing effectiveness. Schladow preferred 
mixing effectiveness because it had units of time and could be used to determine how long it 
would take to fully mix a water body. He showed that the mixing effectiveness increased with 
increasing values of M and that it decreased with increasing values of C. M appears to have the 
most effect on the mixing effectiveness of the bubble plume, especially in lakes with very weak 
stratifications. Once the mixing effectiveness was estimated using Schladow's model, the total 
amount of time needed to break down the stratification and completely mix the lake could be 
determined. This will be looked at further for the specific case of the McCook Reservoir in 
Chapter 4. 
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efficiency would increase with increasing values of MH. They determined that the peak 
efficiency was a function of MH. It was also determined that the efficiency was a function of the 
compressibility scale effect, HR. Asaeda and Imberger were able to show that for a given value 
of MHand HRthe efficiency would vary with the Plume number. At low Plume numbers a 
majority of the energy was lost to dissipation, which caused low efficiencies. Asaeda and 
Imberger (1993) also stated that "most of the water detrained at the higher level is re-entrained at 
the lower level" for increasing Plume numbers, so the efficiencies were found to decrease. 
The efficiencies presented by Schladow (1992) were found to be significantly lower than 
those of Asaeda and Imberger (1993) for similar values of PNand C. This was determined to be 
a result of a longer time step that was used in the Schladow model. Asaeda and Imberger (1993) 
measured efficiencies immediately after the bubbler was turned on because they found that the 
efficiencies would decrease over time. The efficiency of the bubble plume was inversely related 
to the time over which the efficiency was measured. Once the stratification had begun to break 
down there was less mixing to be done and more of the plumes energy was lost through the 
bubbles exiting through the surface of the water. It also took significantly more energy to break 
down the stratification at the lower depths and especially below the diffuser. This made for 
much lower efficiencies at the longer time steps. Since Schladow did not perform any lab 
experiments and the data of Asaeda and Imberger was used for comparison the efficiencies in 
this research were measured in a similar fashion to that of Asaeda and Imberger. 
Table 2.1 contains experimental setups for the different lab experiments that have been 
run and discussed in this section. For comparison, it also contains the lab setup for the 
experiments done for this research, which will be discussed further in the next chapter. 
Sufficient research work was found in the area of bubble plumes in the lab that made it possible 
to compare results as well as add to the existing data set. The work done with sediment set this 
work apart from the other previous research with bubble plumes. 
Table 2.1-Exqperimental setups 
Researcher Tank Size Stratification Air Diffuser Airflow Rates 
Asaeda and Square Tank Linear Stratification Ceramic Disc 8 .24~1O-b to 
Imberger (1 993) 1 .Om* 1 .Om*0.75m Using Salt Fine Nozzle 4 . 6 7 ~1o - ~m3/s 
Lemckert and Square Tank Linear Stratification Ceramic Disc 7.06x10-~to 
Imberger (1 993) 1.Om* 1.0m*0.8m Using Salt 7.51x10-~m3/s 
Zic, Stefan, and Square Tank Linear Stratification Stone Diffuser 4.58xl0-' to 
Ellis (1 992) 1.12m* 1.1 2m* 1.44m Using Heat Dia of 1.2cm & 4.5OX 1o - ~m3/s 
Round T a ~ k  5cm 
I n:- A cq- i n-
ula  Lt.J L u ,  1 .ulll deep 
McDougall Square Tank Linear Stratification Small Nozzle 
(1 978) 
-
0.6m*0.6m* 1.3m Using Salt 
Spenn Square Tank Linear Stratification PVC pipe with 
(200 1) 0.82m*0.82m* 1.18m Using Salt 2mm holes 
CHAPTER 3 -EXPENMENTAL SETUP D METHODS 

3.1 PHYSICAL SETUP 
This section will cover the various aspects of the physical setup. These aspects include 
the tank and framework for holding the various probes, the computer software used to run the 
probes, the air supply system, and the air diffusers used in the experiments. 
3.1.1 TANKS 
The experiments were run in a square Plexiglas tank (Figure 3.1). The tank measured 
0.83111 x 0.83m x 1.18m deep (32.5in. x 32.5in. x 44in.). This tank was made of one inch thick 
Plexiglas and stood on a steel frame 
approximately 0.7 meters off of the floor. 
The Civil Engineering Shop at the 
University of Illinois constructed this 
metal frame to support the probes used in 
the experiments. The fiame also 
supported a metal track and cart, which 
held the Velmex Bislide. The Bislide was 
a stepper motor driven lead screw device 
that allowed for precision placement of 
the probes. The bislide was mounted 
vertically on a cart that was capable of 
moving so that any area of the tank could Figure 3.1-Physical setup of the tank 
be profiled with the temperature- 
conductivity probe or optical 
backscatter probe, described below. 
The tank, frame and cart setup can be 
seen in Figure 3.1 on the previous 
page. The Bislide was used to move 
the Microscale Conductivity- 
Temperature Instrument (MSCTI) as 
well as the OBS-3 optical backscatter Figure 3.2-MSCTI and OBS-3 probes with a 
penny to show their relative sizes 
probe through the water. The MSCTI 
(Figure 3.2) measured the temperature and electrical conductivity of the different water solutions 
and produced two analog voltages. Because these voltages were hnctions of the conductivity 
and temperature of the solution it was possible to use the analog voltage output data to produce 
temperature, conductivity and density profiles. Similarly the OBS-3 (Figure 3.2) measured the 
concentration of sediment in the water and produced an analog voltage that could be used to 
obtain sediment concentration profiles. 
3.1.2 COMPUTER SOFTWAm 
The Bislide, MSCTI, and OBS-3 were all interfaced with a computer and run using 
LabVIEW. Several LabVIEW programs were used to take and interpret the data. LabVIEW 
recorded the conductivity and temperature outputs of the MSCTI and then calculated density 
profiles, which were used to determine the mixing efficiency of the bubble plume. LabVIEW 
was also used to record the sediment concentration output of the OBS-3. MATLAB was used to 
help filter the data and produce sediment concentration profiles that were all used to determine 
an efficiency of the bubble plume. 
3.1.3 AIR SUPPLY SYSTEM 
Using a portable 5hp 20-gallon tank air compressor (Figure 3.3) the bubble plume was 
created. The air was delivered via half-inch clear plastic tubing to the air diffuser located in the 
bottom of the tank. Since low airflow rates were being used 
the compressor did not need to nm constantly and the storage 
tank was kept at a fairly constant pressure, which produced a 
steady flow of air. The flow rates were determined by using 
two Dwyer Instruments Rate-Master Flowmeters. The first 
flowmeter (Figure 3.4) had a five-inch scale that went from 1 
to 10 standard cubic feet per hour (SCFH). The flowmeter was 
accurate to +I-0.3 SCFH. The second flowmeter had a ten- 
inch scale that went from 5 to 
r compressor 50 SCFH and was accurate to 
+/- 1.0 SCFH. A check valve was placed right before the 
diffuser to insure that water did not flow back through the 
diffuser and into the flowmeter, which could cause possible 
damage to the flowmeter. The system worked well and 
produced a constant airflow rate to the bubble diffuser in the 
tank. 
Figure 3.4-Flowmeter and 
shutoff valve 
3.1.4 AIR DIFFUSER 
This section will look at two different aspects of the air diffuser. The first is the physical 
setup and the second is the scaling considerations that went into determining the size of the air 
holes in the diffuser. 
The air diffuser was made of half-inch plastic pipe. The main part was a capped half- 
inch tee with air holes drilled in the side. Four, two millimeter holes were spaced evenly on the 
diffuser to create the bubble plumes used in the experiment. The air diffuser was mounted with 
plastic pipefittings through a 2 inch threaded hole that was 
centered in the bottom of dle tank. Figures 3.5 and 3.6 show the 
diffuser without the 
airflow and while being 
used to create a bubble 
Figure 3.5-Air diffuser plume, respectively. It 
with air 
holes on was possible to easily 
centerline % 
of an inch change the air diffuser 
from the 
ends without removing the 
whole diffuser apparatus, because of the plastic pipe 
union at the bottom of the diffuser. 
Several things were considered when 
determining the size of the holes in the diffuser. It was 
of first and foremost importance to have a steady plume Figure 3*6-Bubb1e plume at an 
airflow rate of IOcfi 
that was brought about by equal contribution from all 
the air holes in the diffuser. A mean airflow velocity for the air diffuser (Figure 3.7) that the US 
Army Corps of Engineers was planning to use was determined using the proposed airflow rate 
per diffuser divided by the total air hole area on a diffuser. 
The mean velocity for the diffbsers in the McCook 
Reservoir was determined to be approximately 0.85 d s .  
However, to match that mean velocity the total air hole area 
of the diffuser would have been too large to produce a Figure 3.7-Air diffuser for 
MeCook Reservoir 
steady flow of bubbles through all the air holes in the diffuser. Section 3.2.2 contains the 
information on the scaling of the airflow rates for the experiments. 
3.2 EXPENMENTAL PROCEDUm 
Two sets of experiments were run. The first set did not contain any suspended particles, 
while the second set used crushed walnut shells as surrogate sediment. Both sets were run in 
stratified environments. The procedures for setting up the stratification, adding sediment and 
running the different probes are as follows. 
TIFICATION 
A linear stratification was set up in the experimental tank using the two-tank method. 
Two 348-liter (92-gallon) tanks were used in the stratificationprocess. The two tanks can be 
in tile background of Figure 3.8 The storage was filled withfresh water and the 
mixing tank was filled with salt water. Water was pumped fiom the storage tank to the mixing 
tank at a rate that was half of the rate used to pump water fiom the mixing tank to the 
experimental tank. This 2 to 1ratio produced a linear stratificationin the experimental tank. 
The water entered the experimental tank through two parallel plates of Plexiglas that were 
mounted horizontally on the bottom of a 
Styrofoam float. Figure 3.8 shows the float and 
water diffuser with arrows representing the water 
flow. This diffuser forced the water to move 
laterally outward from the diffuser into the tank 
and reduce the amount of mixing done in the 
process of filling the tank. As less dense water Figure 3.8-Water diffuser with arrows 
to represent the water flow. 
entered the tank it would remain on the surface The mixing tanks and water 
surface are also labelled. 
and the diffuser would rise on the water surface. 

It was important to be carefill when removing the water diffuser so as to not disturb the 

uppermost layer of the stratification in the tank. 

The Corps of Engineers chose a design airflow rate of 23 SCFM, standard cubic feet per 
minute (0.01 mJ/s). This airflow rate was then used to determine the airflow rate to be used in 
the experiments. The scaling was done by using Schladow's parameter M (Equation 2.13). If 
both C (Equation 2.8) and M were kept the same then the characteristics of the two bubble 
plumes would also stay the same. It was assumed that there would be no stratification in the 
McCook Reservoir, which made the value of C equal to zero. Therefore, only the M values had 
to be matched. In matching M the following relationship was determined: 
The values of h, a, p, pa, and ue were all assumed to be the same for both the experimental tank 
and the McCook Reservoir. Schladow found in his model that any values in the acceptable range 
for those parameters would not change the essential dynamics of the bubble plume (Schladow 
1992). This assumption may or may not be valid and should be looked into further in the future. 
Figure 3.9-Curve representing different M values for different depths of water 
in McCook reservoir. The X's represent the data from Table 3.1 
Figure 3.9 displays the relationship between the depth of water in the McCook Reservoir 
and the value of M. These M values at different depths were then used to calculate experimental 
flow rates for different depths of water in the McCook Reservoir (Table 3.1). The values were 
calculated using the proposed airflow rate for McCook, which was 23 SCFM, and the definition 
of M from Equation 2.12. 
Table 3,l-Air flow rates in the 
model computed by matching 
values of M 
Depth of Water in Q, model 
McCook (ft) (S CFH) 
250 22 
225 26.5 
200 32.5 
175 41 
The rates that were chosen to do the sediment experiments were 10 and 20 SCFH. These 
values were simply thought to be representative of the range of values. The experimental airflow 
rates were also chosen to be on the lower end because the possible wall effects inside the 
experimental tank were not known. For all the sediment experiments the depth of water in the 
tank was 0.75 rn,which made HTequal to 10.95 m. In the stratified experiments, a flow rate of 
8.3 SCFH was used for the majority of the experiments to keep Plume numbers in the same 
range as the Plume numbers fiom previous work so that comparison could be done. 
Recent work of Bombardelli et al. (2001) has shown that in flows with significant mass 
transfer the scaling is more complicated than that used in Equation 3.1. In particular, 
Bombardelli et al. (2001) showed that a bubble plume can have three regions: an initial region 
for z < 10 bo, where bo is the initial plume radius; an intermediate region, and an asymptotic 
region for z > 5 D, where 
Simulations with the Wuest et al. (1992) model show that for McCook Reservoir, bubble 
expansion due to compressibility and bubble dissolution due to mass transfer nearly cancel. In 
this case, the bubble radius is approximately constant with depth, and D is an intrinsic length 
scale of the problem. For the design flow rate in McCook Reservoir D = 3.7 m, while for the 
two flow rates investigated here D = 0.2 m and 0.4 m, respectively. Assuming depths for 
McCook and the laboratory experiments of 77 m and 0.75 m gives WD = 21 for McCook and 
1.8 and 3.5 for the laboratory experiments. Thus, the laboratory experiments should model the 
lowest 10-20% of the full prototype reservoir. 
3.2.3 VELOCITY MEASUmMENTS 
. .Inltlal experiments were run to measure velocitv ~rofi lesin the tank. These experiments J I 
were concluded before the previously mentioned set up was constructed and they used a different 
air diffuser and flow rate. The flow rate used to measure the velocity profiles was 30 SCFH and 
the depth in the tank was 0.9 meters. This yielded M = 0.07, which fell slightly higher than the 
range of the sediment experiments as can be seen in Table 3.2 on page 37. A commercially 
produced air diffuser was used in the experiments. The SnapCap air diffuser consisted of a flat 
disc with eight five-millimeter diameter air holes in the top. An Acoustic Doppler Velocimeter 
(ADV) was used to measure velocities inside the tank. It was mounted on a track that allowed it 
to move in one direction across the center of tank. The ADV was not able to operate properly in 
the bubble plume so measurements had to be taken to the side of the plume away from the 
bubbles. A Gaussian profile was then fit to the data to determine the centerline velocities of the 
plume. For most profiles 3 points were measured on both sides of the bubble plume. The data at 
each poitlt was averaged aver 10 min~testo obtain a statistically reliable estimate of the mean 
velocity. Velocity profiles were determined for several depths in the tank. The results were then 
used to help determine the properties of the flow field in the tank as discussed in Section 4.1. 
Section 4.1 also contains some velocity profiles and a discussion on the root-mean-squared 
velocity fluctuation as a function of x for various depths in the tank 
3.2.4 EXPEMMENTS WITHOUT SEDIMENT 
The first step was to calibrate the MSCTI probe so that the salinity in the mixing tank 
could be measured. The appropriate amount of salt was then added to the mixing tank to get the 
desired stratification. The experimental tank was then filled. Once the experimental tank was 
filled, several initial profiles were measured and then the air was turned on and the diffuser was 
run for one minute. The air was then shut off and once the turbulence in the tank had dissipated 
several more profiles where taken. This process was continued until the tank approached being 
f ~ ~ l l ymixed. 
The temperature probe was calibrated by using a constant temperature bath and 
measuring the voltage output of the probe. It was not necessary to recalibrate the temperature 
probe before every experiment but this had to be done for the conductivity probe. The gain on 
the conductivity probe was set using the highest conductivity expected in the experiment. It was 
important for precision to use the smallest range needed in an experiment. The probe was then 
calibrated by using five solutions of known salinity. The lowest salinity was always zero and the 
other four covered the expected range of the experiment as evenly as possible. A LabVIEW 
program was used to record the data and calculate two calibration coefficients. The conductivity 
probe was recalibrated before every experiment. Appendix B contains the temperature 
calibration curve and a representative salinity calibration curve. 
Once the experimental tank was filled to the desired level (depending on the desired 
Plume number of the experiment) the water was shut off and the water diffuser was carehlly 
removed. It was important to minimize the amount of water that dripped into the tank from the 
diffuser and to be careful to cause as few disturbances to the water in the experimental tank as 
possible. Any bump of the experimental tank brought about surface and internal waves that may 
have caused unwanted mixing to take place. Once the water diffuser was removed from the tank 
the initial profile was measured with the MSCTI. 
The tip of the MSCTI probe was located five millimeters from the bottom of the tank 
during the filling process. This was done for several reasons. First, the lowest position the probe 
goes needed to be a safe distance from the bottom of the tank to avoid damaging the probe. The 
second reason was that the probe could not be exposed to air after the conductivity sensor had 
been calibrated because the calibration could shift. The probe was lowered into place just after 
the tank had begun to fill thus keeping the tip of the probe under water. The third reason was 
that the final depth of the water in the experimental tank was not known until the tank was filled, 
due to the time that it took to turn off the flow of water. Once the water was shut off, the depth 
was set in LabVIEW to insure that the probe did not leave the water at the end of a run and 
become uncalibrated. 
The three initial profiles were taken at three positions in the tank. Figure 3.10 on the next 
page shows the location of the three profiles labeled Rght, Center, and Left. It was important to 
only use the data recorded when the probe was moving down through the water colurnn because 
of a wake effect that affected the data collection when the probe was moving up through the 
water column. 
Air Bubble Diffilser at the 
center of the tank 
Figure 3.1GLocation of MSCTI profiles represented by the solid round points, . 
Once the initial profile was measured, the air was turned on for a specific period of time, 
one minute. After one minute the air was shut off and the tank was left to settle for six minutes 
(ten minutes for the two largest PNexperiments) before the Right profile was taken. The probe 
was moved to the Center location and after two more minutes the second profile was taken. 
After another two-minute interval the Left profile was taken. 
This time before profiling was allowed so that the internal waves would dissipate and the 
stratification would stabilize. The three profiles were spaced out so that the internal waves 
would have even more time to dissipate. The three profiles were compared to determine if there 
was an effect on the profile by the internal wave. If the internal waves were at maximum 
displacement when the probe was run, the profile would be greatly affected. The calculated 
efficiency would be higher or lower depending on the location of the internal wave. The 
differences found between any of the profiles, except for the profiles with Plume Numbers 
greater than 1000, where found to be insignificant. For the experiments with PNvalues over 
1000 the time interval was increased to 10 and 20 minutes respectively and more profiles were 
taken for comparison before the air was again turned on. The longer time interval was found to 
significantly alleviate the problem of the internal wave that was initially detected at the high 
values of PN. The six-minute time was calculated using the expression for the wave decay time 
from Thorpe (1968). Once the three profiles were taken, the air was again turned on and the 
process was repeated until the tank was close to being fully mixed. 
The efficiencies were calculated using both LabVIEW and MATLAB. As the profiles 
were taken LabVIEW was used to compute the potential energy or energy needed to unstratify 
the density profile. The change in potential energy was then calculated between the initial and 
first profiles for a given experiment. MATLAB was then used to compute the efficiency 
according to Equation 2.15. These efficiencies are plotted versus PNin Figure 4.5 and discussed 
in Section 4.2. 
3.2.5 EXPERIMENTS WITH SEDIMENT 
The first step was to calibrate the OBS-3 probe. The OBS-3 was used to measure the 
sediment concentration in the tank. It was an optical backscatter probe, which used infrared light 
to determine the sediment concentration. The probe measured the concentration in a conical 
volume that varied depending on the concentration in the tank. The infrared light spread out 
with an angle of 30 degrees in the horizontal and 50 degrees in the vertical to make an elliptical 
cone. The range of the light was not more then 20 centimeters. The probe was calibrated using a 
22 cm diameter Plexiglas cylinder (Figure 3.11). A flat disk plunger with honeycomb holes 
drilled in it was used to manually keep the sediment 
suspended during calibration. The cylinder held a volume of 
7 liters of water to which increasing amounts of sediment 
were added. The size was approximately the size suggested 
by the probe manufacture and it was easily made from 
readily available materials. As each amount of sediment 
was added to the cylinder the probe was run for a two- 
minute period. LabVIEW was used to average the voltage 
output data over that time and produce a calibration curve 
with plunger 
using the data. The calibration curve can be found in 
Appendix B. 
The sediment that was used in the experiments was crushed walnut shells. The particles 
had a mean diameter of approximately 1 mrn and a specific weight of 0.4, which became 1.4 
once the shells were submerged and saturated with water. The walnut shells were washed to 
remove fine particles that could cause a bias in the reading of the OBS-3. The fine particles 
would bias towards uncharacteristically high concentrations due to their high reflectivity. A 
small percentage of the particles had specific weights that were less than that of water, which 
caused them to float. These floating particles were also success~lly removed through the 
washing process. The walnut shells would be on the order of the largest particles in combined 
sewer overflows. According to EPA data particles that are approximately lrnm in diameter or 
larger make up only about 10 to 15 percent of the total amount of suspended particles. 
Approximately 50% of all the particles in combined sewer overflows would have a size range of 
less then 74 microns (Dalrymple 
1975). 
The amount of particles added 
to the tank to produce a given 
concentration was determined by using 
the dry weight of the particles. 
However, the particles were added to 
the tank in solution so as to avoid 
particles being caught on the surface of 
the water until they soaked up enough 
water to sink. The bubble plume was 
run for a period of 15 minutes or more 
to allow the flow field to establish. 
Figure 3.12-Sediment entering the tank and being The time was based on work done with 
entrained into the Mow 
the ADV and visual observations of 
how long it took the bubble plume to affect all the parts of the tank. The particles were released 
into the established flow field approximately 5 cm below the surface of the water and 15 cm to 
the side of the centerline of the plume. This was done thr nough a piece of half-inch PVC pipe 
(Figure 3.12). The pipe had an elbow, which allowed the sediment to be released in the tank in a 
horizontal direction. This w-as irnporiant so that the iiiitia 1 inomeiituiii of the ~ediiiieiit being 
added did not carry the sediment straight to the bottom of 'the tank. The sediment was 
immediately caught up in the bubble plume flow field and dispersed throughout the tank. Figure 
3.12 shows the sediment being released into the flow field in the tank. Some of the sediment 
began to settle out while some was caught up in the flow and moved across the top before 
plunging towards the bottom. 
Several other options for adding the sediment into the tank were considered, but this 
option was determined to be effective in dispersing the sediment and it was also simple to utilize. 
Five minutes after the sediment was added to the tank profiling was begun. This was done in an 
attempt to reach a balance between steady state and particles settling out to the bottom of the 
tank. The water in the tank took from 30 to 60 seconds to circulate from top to bottom and back. 
Five to ten circulation times was estimated to be a sufficient amount of time for the particles in 
the tank to be well dispersed and in a state of semi-equilibrium. 
At this point profiles were taken with the OBS-3 probe. The profiles were determined by 
measuring 14 points in the vertical. The probe was moved throughout the vertical using the 
Bislide. At each of the 14 points a one-minute sample was taken at 150 Hz. Once erroneous 
data points were filtered out, (Section 4.4.3), this data was averaged to produce a concentration 
for each point. The density of points in the vertical was increased close to the bottom of the tank 
because it was believed that the sediment concentrations would follow an exponential curve with 
the highest concentrations being at the bottom. The higher concentrations at the bottom would 
be caused by any resuspension that might be taking place there. The points were taken at depths 
of 2, 3, 4, 6, 8, 10, 12, 15,20, 30,40, 50, 60, 70 centimeters above the bottom. These points 
were chosen afler a detailed profile was measured at every 2 cm. From the specifications for 
measurements in the OBS-3 manual it was believed that the probe would be a sufficient distance 
from both tlie surface and the bottom of the tank, however, as will be discussed later, the bottom 
of the tank affected the probe output. 
Once a profile was taken, the probe was moved to a second location in the tank and 
another profile was taken. For each experimental run 2 to 4 profiles were taken at 2 different 
locations, depending on the amount of particles that was still in suspension. A single experiment 
consisted of two experimental runs so that a total of 12profiles in 4 locations were taken. Two 
profiles were taken along a horizontal line and two were taken along a diagonal line in the tank. 
Figure 3.13-OBS-3 profile locations marked by the solid round points, 
The 4 profile locations were pictured in Figure 3.13 with their respective distances from 
the bubble diffuser. The solid dots represent the location of the probe while the dashed circles 
represent the approximate location of the probes sampling volume. 
Table 3.2 contains the flow rates, bulk sediment concentrations, and sediment 
concentration that were used in the different experiments. Bulk sediment concentration refers to 
the total amount of sediment in grams that was added to the tank for a given experiment in order 
to get a certain concentration in milligrams per liter. For each experiment the tank was filled to a 
depth of 75 cm. The amount of water in the tank was approximately 509 liters for each 
experiment. 
Table 
Experiment 
1 
2 
3 
3.2-Exp progerrties 
Air Flow Rate 
10.0 cfh ( 7 . 8 7 ~ 1 0 ~ ~  mJ/s) 
20.0 cfh (1.57~10-' mJ/s) 
10.0 c f i  (7.87~10" m3/s) 
erimental 
M 
0.024 
0.047 
0.024 
Bulk Sediment 
Concentration 
101.85 g 
101.85 g 
203.70 g 
Sediment 
Concentration 
200 mgll 
200 mgll 
400 mg/l 
I 4 I 20.0 cfh (1.57x10-' mJ/s) 0.047 203.70 g 400 mg/l 
Once the profiles were measured, the fraction of suspended sediment was computed by 
estimating the total mass of sediment in the water column. The trapezoid rule was used to 
determine the area under each profile. This area was then divided by the depth to get a depth- 
averaged concentration for each profile. Finally, the depth-averaged concentration was divided 
by the sediment concentration in the tank to determine the suspended fraction for each profile. 
The suspended fraction was then plotted versus the nondimensional time parameter, 
g 
I f 3  
where Q represents the airflow rate and t represents the time. This was necessary since the 
profiles were all taken at different points in time. The parameter, which was still a filnction of 
time, helped to collapse the data into more of a single curve as can be seen in the following 
chapter on results. Other alternative time parameters are also discussed in the Chapter 4. 
Equation 3.2 was also used to scale time scales up to fit the McCook Reservoir. The four 
profiles for each airflow rate were taken in a triangular section that represent one eighth of the 
tank. The Thiessen polygon method was then used to weight the four profiles so that they could 
be added together. Once this was done a single suspended fraction curve was developed for each 
airflow rate that was representative of the total tank volume. Background concentrations were 
not subtracted out before the suspended fraction was calculated. For the suspended fractions to 
be calculated the ending times of the different profiles had to be adjusted so that they were all the 
same. Two different approaches were looked at to do this. The simpler of the two was to 
average the four ending times of the profiles. However, since the suspended fraction of particles 
was decreasing with time, this was not thought to be the most accurate. A more accurate 
approach was thought to be to linearly interpolate the data and, therefore, adjust the times so that 
they were all the same. In the end both sets of points fell on the same curve and were included in 
the suspended fraction plot (Figure 4.22). The points that were adjusted by linear interpolation 
were marked with an X through the solid shape representing that specific curve. The solid 
shapes that do not contain the X represent points at which the four ending times of the profiles 
were simply averaged. 
CHAPTER 4- SULTS 
The results will be presented in four sections. The first describes qualitatively the flow 
field established in the tank by the bubble diffuser. The second section deals with the 
experiments with stratified environments and is followed by a discussion on the experiments 
with sediment. The final section deals with sensor and data problems that were encountered in 
the experiments. 
4.11 DESCWPTION OF THE FLOW FIELD 
Within one to three minutes after starting the airflow the bubble plume set up a flow field 
in the tank. Once established this flow field remained fairly constant with slight variations as the 
plume wandered as it rose to the surface. This plume wander occurred with amplitude of 5 to 15 
cm and a ffequency of 5 to 10 seconds. These numbers are based on visual observation and are 
approximate. At times the plume would stay stationary in the center of the tank for up to a 
minute. The bubble plume had its largest velocities in the center and the velocity decreased as 
the distance from the center increased. The plume's centerline velocity increased as the air left 
the bubble diffuser and then decreased as the plume began to exit the top of the tank. The flow 
moved downward in the comers of the tank and then along the bottom until it was re-entrained 
into the bubble plume. This flow field formed a pattern on the bottom of the tank as it moved the 
walnut shells along the bottom. The plunge point of the flow was examined to determine the 
effect of the walls on the flow. The idea of superposition with respect to bubble plumes and the 
ability to resuspend particles will be discussed in the following sections. 
4.1.I VELOCITY MEASUPaEMENTS 
The velocity measurements taken with the ADV showed several things of interest. 
Figures 4.1 to 4.3 show radial velocity profiles at three depths taken with the experimental tank 
filled with 0.9 meters of fresh water. Table 4.1 contains the experimental parameters, while 
Table 4.2 lists the profile data. The maximum vertical velocity could not be measured because 
discriminating the velocity signal due to the bubbles from that due to the water was difficult. 
However, because the velocity profile is often modeled with a Gaussian distribution (e.g, 
Milgrarn 19831, the centerline velocity could be estimated. The centerline velocity of the plume 
increased reached a maxinnm and then decreased as the plume reached the top of the water 
column. The maximum velocity of the bubble plume was approximately 7.5 cmls at z = 55cm. 
Figures 4.1 to 4.3 show the increase in the velocity between z =25 cm and z = 55 cm. As the 
plume continued to rise it decelerated as the flow began to detrain and spread out across the 
surface of the water column. 
Table 4.1-Experimental parameters for velocity 
measurements 
Parameter 	 Value 
z 	 0.9 rn 
M 	 0.07 
Q 	 30 cfh (2.4x10-' m'ls) 
Sampling time per point 	 10 min 
Stratification None 
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Figure 4.1-Bubble plume velocity profile for z = 25cm. The centerline 
velocity of the bubble plume equals 6.4 c d s  
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Figure 4.2-Bubble plume velocity profile for z = 4Scm. The centerfine velocity 
of the bubble plume equals 7.0 c d s  
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Figure 4.3--Bubble plume velocity profile for z = 55cm. The centerline velocity of 
the bubble plume equals 7.5 c d s  
In an unbounded fluid, the vertical velocity would positive (i.e. upward) everywhere. However 
in these experiments conservation of mass requires a re-circulation and downward velocities near 
the tank walls. This reasoning was supported by visual observations during the experiments. 
Particles were moving upward along the walls and only moving downward in the comers. These 
measurements helped to determine the flow field in the tank that is discussed in the next section. 
Root-mean-square (m~s )  values were also determined for the profiles in Figures 4.1 to 
4.3. The rms velocities, shown in Table 4.2, are quite high relative to the mean. In some cases it 
was more than 50% of the mean velocity for a given point. Sun and Faeth (1986) measured 
turbulence intensities of about 30% in a bubbly jet, but further measurements will be required to 
~ ~ ~ i f i i l i iifie valiies iii Table 4.2. 
Table 4.2-VeIlociQ Profile Data 
K FLOW FIELD 
The flow field was most easily understood by looking at the sediment pattern that formed 
on the bottom of the tank. As the arrows demonstrate, the flow moved down the comers of the 
tank. Once the flow reached the bottom of the tank it moved outward from the comer in all 
directions. This was evident because upward velocities were calculated along the wall on the 
center of each side in the previous section. The flow moved the sediment along the bottom of 
the tank toward the diffuser in a manner similar to bedload transport of sediment in lakes. As 
will be discussed in Section 4.1.3 vortices that formed on the bottom resuspended some of the 
sediment back into the flow field. Once the water or sediment was caught up in the bubble 
plume it moved quickly to the surface 
and then spread out radially across the 
top of the tank towards the comers. A 
given particle took between 30 and 60 
to make a complete cycle in the tank. 
In sediment containing experiments any 
sediment that got caught on the surface 
of the water would collect in the 
comers of the tank before being re- 
entrained into the flow. 
Figure 4.4 shows that the walls affected the flow. In the McCook Reservoir the diffusers 
will be laid out on the bottom in a grid. It is possible that each diffuser could affect the others 
and the concept of superposition could be used. If superposition could be shown to be valid, 
then each diffuser may have a qualitatively similar flow field to that observed in this research. 
Each diffuser in the McCook Reservoir would have a certain percent of the total sediment 
distributed around it on the bottom. If superposition does not hold all the difhsers may act as 
one leaving all the sediment distributed around the outside of the reservoir. If each diffuser acts 
as an individual cell in the reservoir water would be flowing down to the bottom of the reservoir 
in between the individual diffusers similarly to the flow in the comers of the experimental tank. 
This might produce more mixing and therefore more oxygen transfer than if all the water simply 
cycled to the outside wall of the reservoir before plunging back to the bottom. 
The plunge point of the flow was the point where the horizontal pressure gradient, which 
was produced by the buoyant force due to the stratification, was balanced by the momentum of 
the lateral flow of the surface water (Zic, Stefan, and Ellis 1992). Since the plunge point was 
based on the stratification of water surrounding the plume it was easily understood that the 
plunge point would move outward as the stratification broke down. Zic, Stefan, and Ellis (1992) 
were able to show that the plunge point reached a quasi steady state value approximately equal to 
the depth of the water. However, the quasi steady state value lasted for only a short time, 
because the surrounding stratification was breaking down. 
Figure 4.5 shows a plot of plunge point versus Plume number using data collected by 
Lemckert and Imberger (1 993) using visual observations during their experiments. It was used 
to identify possible wall effects using the previously collected data of Lemckert and Imberger 
(1993). Lp represents the length from the center of the plume to the plunge point. Lp was 
divided by the depth, H, in order to make it nondimensional and then plotted versus the Plume 
number. The triangles were data taken from Lemckert and Imberger (1993). The squares 
represent theoretical plunge points developed for this research. They represent the plunge point 
being located at the wall of the tank for the different Plume numbers used in this research. The 
actual observed initial plunge points were less than the distance to the wall even for the lowest 
plume numbers. However, after the air was turned on for a second minute the plunge point for 
the lower Plume numbers was at the wall. The Lemckert and Imberger data was based on the 
initial plunge point when the quasi-steady state point was reached. The plunge point moved 
outward with time, but since the efficiencies for this research were measured from the change in 
potential energy between the initial and first profile, valid comparisons could be made. The 
trend in the data shows that the initial value of LdH shown in previous research would be well 
below the values found for the distance to the wall divided by the depth in the experiments done 
in this research for Plume numbers greater than 100. 
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stratification was weakened. For more information and a detailed sketch of the plunge point 
please refer to Lemckert and Imberger (1993) or Zic, Stefan? and Ellis (1992). 
4.1.3 VORTICES 
Once the sediment settled below the depth of the bubble diffuser it was very difficult for 
it to re-enter the flow in the tank. Over time almost all of the walnut shells would settle out. 
This will be discussed more in Section 4.3. 
Vortices like the one pictured in Figure 4.6 would 
form periodically on the bottom of the tank. These 
vortices had the potential to resuspend some 
particles from the bottom of the tank back into the 
flow field. Only a fraction of the sediment that 
Figure 4.6-Vortex 
botto
forming at the 
m of the tank 
was caught up in the vortices would be 
resuspended, while the rest of the sediment would 
settle back to the bottom of the tank. The vortices only formed at the rate of there to four per 
minute. This was not a sufficient number of vortices to resuspend enough sediment to offset the 
amount of sediment that was settling out. To resuspend the amount of sediment that was settling 
out another mixing device would be needed in addition to the bubble diffusers. 
The first set of experiments was conducted mainly to determine if the experimental setup 
would produce results similar to those produced by other researchers. Figure 4.7 shows that this 
was the case and that the efficiencies measured for the different Plume numbers correlated well 
with previous data. As the Plume number was increased, the efficiency of the bubble plume 
increased as expected. In general the efficiencies followed the trend of Asaeda and Imberger's 
(1 992) data very well The values were slightly lower than those found by Zic, Stefan, and Ellis 
(1992), but they used heat instead of salt to produce their stratification. Since heat has a greater 
potential to diffuse throughout the tank and even into the surrounding environment on it own 
than salt, it was expected that the efficiencies of for heat-stratified experiments would be larger 
than those of salt-stratified experiments. 
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Figure 4.7-Comparison of experimental results for efficiency versus Plume number to 
previous research. The experimental setup was similar to that of Asaeda and 
Imberger (1992) and the data can be found in Table 4.3 
The bubble plume produced more than enough mixing to break down even the strongest 
linear stratifications during an experiment. However, the bubble plume was not as effective in 
mixing water below the depth of the difhser. 
Table 4.3-Data for the PNversus efficiency 
curve in Figure 4.7 
1 PN I Efficiency / 
Figure 4.8 below shows the profiles over time for a Plume number of 8.3. The first two 
profiles were processed with cubic spline smoothing with a smoothing parameter p = 0.05. 
Problems with profile measurements will be discussed further in Section 4.4. The shape of the 
profiles was representative of what happened at all Plume numbers. It can be easily seen that the 
effect on the stratification below the diffuser depth was small compared to the effect on the 
stratification above the diffuser depth. While stratification was not thought to be a significant 
problem in the McCook Reservoir the bubble plume will turn a linear stratification into a sharp 
two-layer stratification right at or just below the air release point. The water above the diffuser is 
mixed by the turbulence generated by the bubble plume, while the stratification below the 
diffuser is eroded by shear due to the recirculating flow. Although the time needed to fully mix 
the water in the experimental tank was relatively short, it is possible that when those times are 
scaled up they could be significantly longer. 
The observed time for the breakdown of the stratified layer was scaled up to prototype 
conditions in two ways. The results of the experiments with sediment (Section 4.3) show that the 
time scale H ~ /Qcollapses the experimental results effectively. While H~was representative of 
the volume of the small tank, it would not be representative of the reservoir because of multiple 
diffusers. Therefore the scaling might be more accurate if the effective volume of the water 
diffuser was used instead of II3. Table 4.4 contains estimated times based on both El3 and an 
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Figure 4.8-Density profiles over time for a Plume number o f  8.3 
effective volume. The effective volume was estimated to be a 2000 square feet (185 m') around 
the diffuser at a depth of 220 feet (65 m). The idea of each difhser having an effective volume 
would also hold well with the before stated ideas on superposition. Section 4.3.2 expands more 
on the scaling issues presented here and in Section 3.2.2. 
The stratified experiments with the two lowest Plume numbers will be looked at since 
that will most likely be the closest to any Plume number in the McCook Reservoir. This 
information is contained in Table 4.4. These experiments were done for the purpose of 
determining the effect of sediment on mixing efficiency and therefore stratification was an 
important factor and the Plume number was matched for comparison with other data. Using 
information from the United States Geological Survey (USGS) for the Egan Quarry (Johnson 
2000) reservoir it was determined that Plume numbers on the order of 1 would be what could be 
expected in the McCook Reservoir. The airflow rate for these experiments was 6.5x10-~ m3/s 
(8.3 sck),  which would require a depth of about 430 feet (Figure 3.9) in the McCook Reservoir 
to produce a matching M value. While the McCook Reservoir will never be deep enough to 
match the M value of the experiments the data was still found useful for estimating the time 
scale. The airflow rate of 23 SCFM that was defined in Section 3.2.2 was used to determine the 
time estimates in Table 4.4. The effective volume was much smaller than HJ. Therefore, the 
time estimated for determining when the bottom layer was fully mixed was significantly longer 
for the calculation using H3 when compared to the calculation using the effective volume. 
Table 4.4-Estimated time scales for a fully mixed McCook Reservoir 
/ Estimated equivalent / Time estimate using 
Time until bottom time in McCook at effective volume 
PN M layer was fully mixed Q ~ I H ~  220 ft instead of H3 
0.9 0.02 180 seconds 0.05 18 16.7 days 16.5 hours 
8.3 0.02 240 seconds 0.0370 11.9 days 12 hours 
The range in the two different time estimates shows the importance of determining 
dimensionless parameters that can be used to correctly scale up the experiments to the actual 
reservoir size. The estimated times in Table 4.4 using H ~ / Q  as a time scale are significantly 
greater than the 6 day average retention time of the reservoir. Since McCook would have a 
larger value for M and a lower Plume number it should have a greater mixing effectiveness 
according to Schladow (1992). However, it still appears that there is a chance that the mixing 
times could be long enough to be a significant factor. Preliminary research by other researchers 
on the McCook Reservoir project suggests that without any oxygen transfer the entire reservoir 
could go anaerobic in a matter of hours to a couple of days. 
However, if the effective volume calculations are used the amount of time it would take 
to fully mix the bottom layer was greatly reduced. With mixing times less than one hour it 
would be safe to assume that any stratification, whether it was linear or two-layer, would be 
easily broken down by the bubble diffusers. This would also alleviate any problems with oxygen 
transfer and the chance that the sediment might go anaerobic. 
Schiadow's model was also used to look at the time scales to completely mix the 
reservoir. Table 4.5 show the initial mixing effectiveness values for given values of M at a value 
of C on the order of 10'. 
Table 4.5-Schladow's mixing 
effectiveness for C 40 
Mixing 
Effectiveness 
(day") 
Since the stratification in McCook Reservoir would be weak, if present at all, the values of C 
would most likely be between 0 and 2. The M value for McCook would be between 0.03 and 0.2 
depending on the depth of water in the reservoir as was seen in Figure 3.10. Using the output 
from Schladow's model, a mixing effectiveness of about 0.02 daym1 should be expected in the 
McCook Reservoir. This would mean that it would take about 50 days to totally destratify or 
. . 
completely mix the reservoir if only bubble diffusers were used in the process. Schladow's 
mixing effectiveness implies that mixing times of the bottom layer could be an issue worth 
considering in McCook Reservoir. 
The Corps may have to deal with several problems caused by the creation of this two- 
layer stratification. The amount of energy needed to break down the bottom most layer using 
only bubble diffusers may be very high. It may then be more cost effective to have a mechanical 
mixing device or jets to aid the bubble plumes in mixing the bottom layer. This sharp two-layer 
interface could also act as a barrier to oxygen transfer in the water. As the sediment breaks down 
the area below the diffuser would be the first to become depleted of oxygen. Since sediment 
concentrations are likely to be highest in this area below the diffuser due to settling, the depletion 
of oxygen could happen in a matter of hours to days, causing the sediment to go anaerobic. 
4.3 REtSUL'FS OF SEDIMENT EXPEMMENTS 
The OBS-3 was used to take sediment profiles for different flow rates and sediment 
concentrations at four locations in the tank (Figure 3.13). Several problems were encountered in 
using the OBS-3 probe that will be discussed in Section 4.4. While some problems were 
encountered, the general trend in the data fits well with what was observed in the tank. The 
bubble plume was not able to maintain in suspension a significant amount of the crushed walnut 
shells over time. Particles of the size and specific weight of walnut shells will and did settle out 
over time. It was the time scale of this settling that was of interest since the amount of time that 
water will be in the McCook Reservoir will be 6 days on average. 
4.3.1 SEDIMENT CONCENT THON PROFILES 
The f~llowifig pages include all the profiles taken for the four different experiments. The 
data for these profiles is located in Appendix A. Each figure has 3 to 5 profiles that were taken 
in time. The time for each profile was the time that the last point in the profile was recorded. It 
took about 20 minutes to take a full profile. If the running mean of the voltage output for a given 
point did not converge to a value in the one-minute measurement time, another measurement was 
taken at that same point. This made the times between profiles vary a few minutes to either side 
depending on the number of points that were retaken. The time for each profile is located in the 
caption of each figure. For all the plots, the sediment concentration was plotted as a 
diinensionless number. The dimensionless number was grams per liter of sediment 
concentration divided by the initial concentration for the given experiment, which was either 0.2 
or 0.4 grams per liter. The x-axis was also fixed in all the profiles to allow for easier 
comparisons. The depth, z, was also made dimensionless by dividing it by the total depth in the 
tank, H, which was 75 centimeters. At the conclusion of an experiment the air was shut off and 
the tank was left to settle for a period of at least 3 hours; usually it was left overnight for about 
12 hours. After all the particles had settled out a background profile was taken to determine the 
effects on the probe of the sediment on the bottom. The background profile is represented by the 
asterisk in all the Figures 4.9 to 4.24. 
The profiles will be discussed and compared in terms of six different properties. The six 
different properties were magnitude, shape, spatial variation, effects of M and initial 
concentration, and behavior in time. Each of these properties will be expanded upon in the 
following paragraphs. 
The magnitude of the sediment concentration in suspension was one of the most 
important results for this project. If the bubble plumes could suspend a significant amount of 
particles than no other mixing devices would be necessary in the reservoir. However, there were 
none of the experiments that showed more than 30% of the initial concentration in suspension at 
any point in the profiles. All four experiments had some profiles that exceeded 20% and 
approached 30%. Only experiment 1profile A1 in Figure 4.9 had a max concentration of greater 
than 20% once the background was removed. All the other experiments fell to between 5 and 10 
percent once the background concentration was removed from the initial profile. Some of this 
was due to the fact that the sediment on the bottom of the tank affected the probe. This issue will 
be discussed in Section 4.4. The profiles suggest that the bubble plumes cannot produce the 
needed amount of energy to keep particles as big as walnut shells suspended. Since combined 
sewer overflow particles would tend to be smaller than the walnut shells (Section 3.2.5), the 
magnitude of the suspended sediment would presumably be larger in McCook Reservoir. This 
will be discussed in more detail in Section 4.3.2. 
The general shape of the profiles away from the comers is shown best in Figures 4.9 and 
4.22. The largest concentrations were found near the bottom of the tank. The bottom ten to 
twenty centimeters saw a large increase in the sediment concentrations while the top of the tank 
had few particles in suspension. By examining Figures 4.9 to 4.24 it was found that the 
background profiles also have the same shape. This was only possible if the bottom of the tank 
affected the probe since all the sediment had been allowed to settle out. However, if the 
background profile was subtracted out, there was still an increase in the sediment concentration 
in the bottom ten centimeters of the tank and the general shape was still preserved in most cases. 
Figure 4.9 clearly shows that the concentrations were greater at the bottom despite the 
background profile. It was expected that the largest concentrations would be found at the bottom 
of the tank. The reason for this was that the majority of the particles would eventually settle out 
on the bottom of the tank. The bubble plume would produce the vortices discussed in Section 
4.1.3, which would momentarily resuspend the crushed walnut shells. However, due to the large 
specific weight of the walnut shells they would begin to settle out quickly and would not be re- 
entrained into the flow field that was set up in the tank. Thus the concentrations were found to 
be larger at the bottom of the tank for all of the profiles except those taken in the comer. 
Figures 4.1 1, 4.15,4.19, and 4.23 show the profiles that were taken in the comers. These 
profiles show larger concentrations at the top of the tank than at the bottom. One reason for the 
difference between the comer profiles and the others is the spatial variation of the flow set up by 
the bubble plume in the square tank. As Figure 4.4 shows, the comers were the only areas of the 
tank in which there was a strong downward flow. This made the comers a very turbulent area 
with a substantial amount of mixing. As the flow reached the bottom of the tank, it separated 
from the wall and caused a stagnation area directly in the bottom comers of the tank in the last 5 
to 10 centimeters. The sediment was moving fast enough at this point that it would stay in 
suspension until it reached a point closer to the diffuser where the flow again began to rise and 
particles settled out. The points of the comer profiles that were taken in this separation zone had 
a very small, suspended sediment concentration. 
Another reason for the different comer profiles was the concentration of floating particles 
in the comers. The higher concentrations near the top of the profile were the biggest difference 
between the C profiles and the other profiles. Any particles that floated or got caught on the 
surface of the water would collect in the comers of the tank. Eventually these particles would be 
entrained into the downward flow in the comers creating the higher concentrations at the top 
than the other profiles. 
Because measuring stations B and D were the same distance from the diffuser, their 
profiles should have similar shapes. With the exception of profile B1 in Figure 4.10 this was 
found to be true. Profile B1 in Figure 4.1 0 appears to be homogeneous throughout at a 
concentration of about 10% and did not follow the typical shape of the profiles. Other than the 
noted exception, the square tank did not appear to have an effect on the round bubble plume at 
distances close to the center of the tank. The square tank did have an effect on the profiles that 
were taken closer to the walls. The A profiles were similar in shape to the B profiles but had a 
slightly larger sediment concentration, which might be a result of being closer to the wall. As 
was discussed previously the comer profiles were significantly different than all the other 
profiles. By comparing Figure 4.9 and 4.11 the differences can be easily seen. 
While Profiles B and D were the same radial distance from the plume and had similarly 
shaped profiles there was some variance in their sediment concentrations. For experiment 1 in 
Figures 4.10 and 4.12 and experiment 4 in Figures 4.22 and 4.24 the concentrations in the B 
profile were considerably larger than the concentrations of the D profile. This was especially 
true of the initial profile. However, in experiments 2 and 3 there is no discemable difference 
between the two profiles. If the B profiles to tend to be larger than the D profiles it could be 
because of wall effects since the B profile was located much closer to the wall than the D profile 
which was on the diagonal. It could also be possible that since the air was dispersed from the 
bubble diffuser in the direction of the B profile that there may have been greater velocities and 
turbulence in that location that increased the sediment concentrations. However, experiments 2 
and 3 show the B and D profiles to be similar in sediment concentration. It was also determined 
from visual observation of the experiments that the vortices formed at random over the entire 
bottom of the tank. Any differences in the B and D profiles is probably due to the random 
position of sediment in the tank at the particular time the profiles were taken. 
When comparing experiments 1 (Figures 4.9-4.12) and 2 (Figures 4.13-4.1 6), which had 
the same initial sediment concentration and different M values, the conclusion could be drawn 
that an increase in M does little if anything to increase the sediment concentration in the tank. 
However, when comparing experiments 3 (Figures 4.17-4.20) and 4 (Figure 4.2 1-4.24) this was 
not the case. Experiments 3 and 4 had twice the initial concentration (0.4 gll) of experiments 1 
and 2. In experiment 4 the increase in the M value produced a noticeably larger amount of 
sediment in concentration. It was not believed that the larger initial concentration would cause 
this difference when comparing experiments 1 to 2 and 3 to 4. As will be discussed in the next 
section, the results of experiment 3 do not correlate well with the other three experiments; the 
reasons for the differences are unclear. It was thought to be more likely that the increase in the 
M value had little effect on particles the size of the crushed walnut shells. 
Because of the problems with experiment 3 it was difficult to get any meaningful 
conclusions in comparing the initial concentration between experiments 1 and 3. When looking 
at the differences between experiments 2 and 4 it was observed that a larger initial concentration 
led to higher sediment concentrations throughout the profiles. Both experiment 2 and 4 had M 
values of approximately 0.05, while experiment 2 had an initial sediment concentration of 0.2 gll 
and experiment 4 had an initial sediment concentration of 0.4 gll. It was expected that larger 
sediment concentrations would be measured if more sediment were in the tank. This was not 
true with experiments 1 and 3 since experiment 3 had the larger initial concentration but did not 
have a higher sediment concentration. Again, the reasons for this unexpected behavior are 
unclear. 
The final area of comparison was that of behavior in time. Ideally the bubble plume 
would keep a large concentration of sediment suspended indefinitely. This was not found to be 
the case. All of the profiles show that the sediment concentrations fall off with time. The 
sediment concentration in most of the profiles decreased until it was close to the concentration in 
the background profile. After approximately 90 minutes almost all the sediment had settled out 
for most of the experiments; the next section will deal more with the time scales of the settling 
out of the sediment in the tank. These results suggest that other mixing devices would have to be 
used with the bubble plumes to keep large particles suspended. The effect of bubble plumes on 
smaller particles remains to be determined. 
















4.3.2 SUSPENDED F CTBTHON OF SEDIMENT 
The suspended fraction of sediment is plotted versus the dimensionless time parameter 
Q ~ / H ~in Figure 4.25. The methods for determining the suspended fraction were described in 
Section 32.5 .  Each curve in Figure 4.25 contains two sets of points (The data is located in Table 
4.5). The points that are just solid shapes with the X through them were plotted using an 
averaged value of the time parameter. The points with the X through them were plotted using a 
linearly interpolated concentration for largest value of the time parameter for the four profiles as 
was defined in Section 3.2.4. 
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Figure 4.25-Suspended fraction versus Q ~ / H ~  for all four experiments, the solid points 
without X's represent an average of the Q ~ / H ~  values for the four profiles 
while the points with the X's represent linearly interpolated concentration 
for a given value of Q ~ / H ~ .  The data is located in Table 4.5. 
Table 4.6-Data for the suspended fraction curve in Figure 4.25. The data with the gray 
background are the points where Q ~ / H ~was linearly adjusted, while the data 
with no background are the points where Q ~ / H ~was averaged. 
EXP 1 EXP 2 EXP 3 EXP 4 
The plot in Figure 4.25 shows several features that can be anticipated from the discussion 
of the profiles in the previous section. The suspended fraction is low; at the earliest time 
measured it is less than 0.5%. Thus, as mentioned before, the bubble plume keeps little sediment 
suspended. Also, the suspended fraction appears to decrease to a steady-state value. Therefore, 
the bubble plume was capable of keeping a certain fraction of the particles in suspension. This 
fraction was very small for the walnut shells but it is believed that for finer sediment the 
suspended fraction might increase due to smaller specific weights. Walnut shells were found to 
be among the top fifteen percent when compared in size to all the particles in combined sewer 
overflows. Most of the particles in McCook Reservoir would have specific weights much closer 
to 1 and smaller settling velocities. It is also important to note that the larger particles in the 
reservoir will most likely not be organic and therefore it would not be important to keep them in 
suspension. Suspended fraction is thought to be more closely linked to sediment size than to 
sediment concentration or airflow rate as a result of this work but more research is needed to 
prove this result. More research is needed to show this inverse relationship between suspended 
fraction and particle size. 
The measurements allow the role of the source strength, measured by M, and the initial 
concentration to be investigated. As can be seen in Figure 4.25, experiments 1 and 2 fall nicely 
on to the same curve. Thus, there was no change in suspended fraction despite the M value 
being doubled. However, experiments 3 and 4 show that for the concentration of 0.4 gll the 
higher M value has a much higher suspended fraction. Because experiment 3 had a much 
smaller suspended fiaction than that of experiment 1, the results of experiment 3 are 
questionable. No obvious problems were discovered during experiment 3 that explain the low 
suspended fraction value. One explanation could be an extra dense sample of walnut shells, 
which settled out much quicker. 
Discounting experiment 3, information on the effect of the initial concentration can be 
obtained from only experiments 2 and 4. One hypothesis was that large initial sediment loads 
might dampen the mixing due to the plume. However, the results from these two experiments 
show that the suspended fraction did not depend on the initial load for the two values considered. 
The energy required to keep particles the size of the crushed walnut shells suspended was more 
than that produced by the bubble plumes. The suspended fraction began to level off at Q~IH-'of 
approximately 1 and by 2 was nearly constant. For these experiments H3 was approximately 
equal to the volume of the tank. Thus, values of @/El3= O(1) imply that the air diffilser had 
supplied a volume of air approximately equal to the volume of water in the tank when the 
suspended fraction reached its steady state value. In other words, steady state is achieved after 
one or two residence times based on the airflow rate. These results can be used to speculate on 
the behavior of the sediment in McCook Reservoir. The average length of time that water was 
planned to be in the McCook Reservoir was 6 days or QtiH3 of 0.02 (based on a depth of 220 
feet in the reservoir and a flow rate of 23 scfm). Since this value is significantly smaller than 1, 
steady state in terms of sediment would not be reached. If the effective volume is used, then 
Qt/V = 0.5;while conditions would probably not be steady, the sediment concentrations would 
be lower. 
More research is needed to determine the best scaling for times. Studies in both deeper 
and larger tanks would be the first step. Ultimately, it would also be good to explore variations 
on the scaling such as using the volume instead of H~as mentioned above and in Section 4.2. 
Also, the effect of compressibility on the airflow rate and its effect on the scaling should be 
explored; in shallow laboratory experiments the airflow rate at the water surface (used in the 
above calculations) is essentially equal to the airflow rate at the diffuser, but in the prototype 
reservoir these flows can differ by an order of magmtude. 
The time scale of settling should also be considered. In particular, the sediment 
characteristics can be expressed in terms of the ratio of the settling time and the residence time 
based on the airflow rate. For the walnut shells, assuming a mean settling rate of 15crn/s and 
using the depth of 75cm a settling time of 15 seconds can be calculated. This would result in 
~ t ~ ~ , ~ k ~ ~of 0.001 or 0.002 for flow rates of 10 and 20 scfh. These values may be sufficiently 
low for large amounts of sediment to settle out of the water column regardless of the airflow rate 
(or M). Finer particles would have larger Q ~ ~ ~ ~ ~ / H ~  or QtsinkN; a particularly interesting case 
would be Qtsink/V - 1, when the settling and residence times are comparable. Regardless of the 
parameter used, the bubble plumes will be much better equipped to aerate the water than to keep 
a beneficial concentration of large particles in suspension. It is, therefore, important that the 
Arrny Corps of Engineers explore other means of particle resuspension to be used in combination 
with bubble plumes. 
The following section contains infonnation on the problems that were encountered with 
the different sensors used in this project. While some problems were found with the MSCTI the 
majority of the problems were encountered with the OBS-3. These problems will be expanded 
upon and possible reasons and future solutions will be provided. 
4.4.1 THE MSCTI 
The MSCTI provided satisfactory results in the stratified experiments. Some of the 
profiles had some scatter in them, which might be attributed to the vibration of the probe as it 
started to move through the water. The probe was so long that it was impossible to mount it in 
such a way that it did not vibrate to some degree. The scatter was found in less than half the 
profiles that were taken. After the probe got deeper into the tank the vibrations appeared to 
dampen out and the profiles smoothed out. Because the scatter is found in only some of the 
profiles, some effect aside from vibration might also be responsible. 
Some problems were encountered at the highest salinities used in the experiments. The 
conductivity probe may have gotten oil or some contaminants on it that caused the phase error 
light to turn on. This problem could have resulted in the probe's calibration being incorrect after 
a short period of time (30 minutes or less). The maker of the probe was contacted and at his 
recommendation a drift test was performed. The probe showed an insignificant amount of drift 
over several hours and was therefore considered to be reliable at the lower salinities, which had 
previously not produce any problems. The results of the drift test are located in Appendix B. 
The highest salinity was lowered to be in the 0to 10% salinity, which was found to be the 
working range of the probe. No further problems were experienced with the probe. 
4.4.2 THE OBS-3 
The OBS-3 probe produced a lot of scatter in its output voltage. Voltage spikes that were 
well out of the range of the calibration curve also accompanied this scatter. Figure 4.26 shows a 
representative sample of the voltage output for one point in a profile. The calibration curve did 
not apply above 0.68 volts or below -.1 1 volts. These voltages represent a sediment 
concentration range from 0 to 100 mgll. It is possible that some of the smaller spikes could have 
resulted from clumps of sediment moving in front of the sensor. From visual observation of the 
particles and initial settling as well as some hand sampling it was determined that 100 mgll 
would be an acceptable maximum concentration for any given point in the tank. Figure 4.27 is 
the running average of the same data. 
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Figure 4.26-Representative output voltage from the OBS-3 
probe for a given sediment profile 
The numing average shows that despite the spikes, the data tend to converge to a mean value 
after one minute of sampling. However, this value is higher than it should be because of the 
spikes. On average, a one-minute profile contained four to six voltage spikes. 
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Figure 4.27-Running mean for data in Figure 4.26 showing that 
the spikes did not heavily affect the running mean 
The spikes were not found when the background profiles were taken and they became less 
prevalent as each experiment went towards conclusion. These spikes did significantly alter the 
mean output voltage of the probe since they were an order of magnitude greater. The OBS-3 
probe manual gives two reasons for such spikes. The first was what was referred to as bio- 
fouling of the probe's sensor. The probe's sensor was wiped clean periodically and the water in 
which the tests were being done was clean water compared to what would be found in the field. 
Bio-fouling was not believed to be the cause of the spikes. However, at times bubbles would 
forrn on parts of the sensor. These bubbles usually were easily removed just by moving the 
probe to the next position. The second reason stated in the manual was environmental factors 
such as fish swimming in front of the sensor. No such problems were present in the 
experimental tank. Several attempts were made to determine the cause of this scatter but they 
were largely unsuccessful. 
One possible problem is that the OBS-3 is a large probe that was designed for field use. 
Its large size was a problem in the small laboratory tank. The size of the probe was found to 
disrupt the flow pattern of the sediment in the tank. The OBS-3 probe is often used in rivers, 
which would mean that it is primarily facing the flow of the river. The flow in the tank was 
moving in the vertical plane across the face of the probe. Since the flow field had to move 
around the entire probe it is possibie that this could be a problem in the measurements. While 
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voltage output. 
It was difficult to keep the probe steady in the water due to the turbulence created by the 
bubble plume. It was necessary to mount the OBS-3 on a metal rod of approximately one-meter 
in length because of the depth of the water in the tank. The rod was rigid but it was impossible 
to keep the probe steady with the rod only mounted to the Bislide at the one end. There was a 
significant amount of movement of the probe but the same problems would be encountered to an 
even greater extent in a river. Therefore, this was not found to be a cause of the voltage spikes 
and also thought to contribute very little to the small voltage fluctuations. 
The bubbles in the tank would be the most obvious cause for the voltage spikes. Tests 
were done to look at the effects of the bubbles on the probe in order to determine the profile 
positions. The probe sends out infrared light in an elliptical cone that extends no more than 20 
cm from the front of the probe. Objects that were closer than the ranges ( 5  cm above or below 
the probe and 20 cm in front of the probe) specified in the OBS-3 manual affected the probe. 
This was the case with the increased concentrations that were measured at the bottom of the tank 
as discussed in Section 4.3.1. If the bubbles were closer than 20 cm to the probe an increase in 
the output voltage was observed. A distance of 25 cm from the bubble plume was maintained for 
all of the profiles to ensure that the bubbles would not cause an error in the probe's output. The 
bubble plume did have a tendency to move in the tank with an approximately 10 cm amplitude, 
so it was possible that at a given point in time the probe could be within 20 cm of the plume. An 
errant bubble could cause the spikes in the voltage output. However, it is hard to believe from 
actual observations that bubbles would enter the vision of the probe as often as the spikes 
occurred. Bubbles would also be a more likely cause of the spikes if there were significantly 
fewer spikes in the profiles that were the greatest distance from the bubble plume. However, 
approximately the same number of voltage spikes were found in all four profiles regardless of 
distance from the bubble plume. 
The voltage spikes could only be connected loosely to the bubbles in some way. This 
conclusion was reached based on the fact that spikes were not present in the background profiles, 
which were taken without a bubble plume. However, the tests that were conducted with clean 
water to determine how close the probe could be to the bubble plume showed that there was no 
effect at distances greater than 20 cm. It is possible that highly reflective particles in the water or 
some combination of bubbles and particles caused the spikes. 
The sampling was done at a high enough rate, 150 Hz, so that the data could be filtered 
and checked for 60-Hz electrical noise. Some electrical noise was found and that noise resulted 
in voltage spikes. The electrical noise was eliminated by properly grounding the probe. After 
this was done there were still spikes in the data. Filtering of the new sets of data was also not 
able to remove the voltage spikes. 
The calibration curve (Appendix B) that was used to convert the probe voltages to 
sediment concentrations was a second order polynomial. Therefore, any voltage spike would 
cause an even greater spike in the sediment concentration. The calibration curve was only 
accurate for the voltages associated with the concentrations from 0 to 100mgIl. A MATLAB 
program was used to filter out all the voltages that fell outside the range of the calibration curve. 
These values were chosen based on visual observations and some point sampling of the 
experimental tank. The remaining data points were then averaged to determine the concentration 
at that point in the tank. This method still left some spikes in the data but at least they were on 
the same order of magnitude as the expected mean voltage. The data tables in appendix A 
contain a normalized standard deviation for each point in the profiles. The standard deviation of 
the sediment concentrations was divided by the mean sediment concentration in order to obtain 
the normalized standard deviation of the sediment concentration. These values were quite high 
at times making the data somewhat inconclusive. However, overall the data seems to support the 
o'Dservations during the 
CHAPTER 5-CONCLUSIONS AND COMMENDATIONS 
This research project set out to answer questions involving the effects of weak 
stratification and the ability of bubble plumes to suspend sediment. The research that has been 
done gives insight into the answers to these questions. However, in the process more questions 
have been generated and more work still needs to be done in order to fully answer the original 
questions. There are great opportunities for more research in the area of bubble plumes and 
sediment. This chapter contains a summary of this research as well as recommendations for 
further research into the areas of bubble plumes and suspended sediment. 
Bubble plumes were examined in the tank and the flow field was observed and 
documented. When stratification was present, the initial plunge point of the flow was not 
affected by the walls of the tank. However, as the stratification was broken down, the walls 
became more of a factor. The flow field resembled that described by Lemckert and Imberger 
(1993). In the unstratified experiments the flow was greatly affected by the walls of the tank. 
The flow only moved downward in the comers of the tank, while moving upward or laterally at 
all the other points in the tank. This produced the sediment pattern that was seen on the bottom 
of the tank. It was thought possible that the ideas of superposition could be applied and that if 
the bubble diffusers were laid out in a grid they might produce a similar flow field without the 
presence of walls. The sediment moved along the bottom toward the diffuser where at times 
vortices would for11 and resuspend a small amount of that sediment. This resuspension was 
found to be very small compared to the amount of sediment that was settling out in the tank. 
In the first set of experiments the efficiencies of the bubble plumes that were measured 
were found to be similar to that of previous work. It was found that the mixing done below the 
depth that the air entered the water was small compared to that which was done above the 
diffusers. It was also found that a weak linear stratification would first be turned into a two-layer 
stratification right at or just below the point at which the air entered the tank. This result could 
pose some possible problems in the McCook Reservoir before the stratification totally breaks 
down. Weak temperature stratification in McCook could become a sharp two-layer stratification 
at the depth of the diffusers. This could then act as an oxygen transfer barrier that would prevent 
oxygen from getting to what could be the majority of the sediment located on the bottom of the 
reservoir. An area of anaerobic decomposition could form in a short amount of time on the 
bottom of the reservoir and produce the unpleasant odors about which the Arrny Corps of 
Engineers was concerned. The amount of time it would take the bubble plumes to mix this 
bottom layer in the tank was estimated using both the results of Schladow's model and using 
scaling based on a residence time argument. The time scales were found to be on the order of 50 
days using Schladow's model and approximately two weeks using the residence time scaling. 
Both of these times are significantly longer than the expected retention time of six days. 
However, the calculations using the effective volume were only 12 and 16.5 hours, which would 
mean that the bubble plume would have enough time to fully mix the reservoir. It may be 
necessary to find some other way to mix that bottom layer, such as mechanical mixers or jets in 
order to prevent the sediment from going anaerobic on the bottom. Thus to answer the original 
question it is possible that weak stratification in the McCook Reservoir could be a substantial 
problem that would need to be dealt with in the reservoir. 
The experiments that were run with sediment showed that the bubble plume would not be 
able to keep particles on the size order of walnut shells (1 m diameter) in suspension over time. 
However, it was also determined that the majority of the particles in the combined sewer 
overflow would be much smaller than the walnut shells. It was hypothesized that there would be 
a strong correlation between M values and the suspension of sediment. This correlation was 
found to be weaker than expected and it is now hypothesized that the sediment size has the 
largest effect on the amount of particles the bubble plume was able to keep suspended. Future 
research is needed to prove or disprove this hypothesis. The amount of particles in suspension 
did level off after about one residence time Qt/V = Q ~ I H ~1,but it was at a very small value of -
the suspended fraction. With the exception of experiment 3, the four curves collapsed onto one 
and there did not appear to be much difference between the two different M values. There was 
also not found to be a significant difference between the two bulk sediment concentrations. 
Once again experiment 3 does appear to be the exception to this, but experimental problems 
could be the reason for its deviation from the others. It was the organic particles that are of the 
greatest importance to keep suspended and they would be of a smaller size than the walnut 
shells. It was, therefore, thought to be possible that the bubble plumes may in fact be able to 
produce a suspended fraction of organic particles so that other mixing devices may not need to 
be used in the McCook Reservoir. However, significantly more research would need to be done 
before that decision could be finally made. 
This work has help to understand the relationship between the suspended sediment and 
the bubble plume. It has helped to produce particle information that will be used in the future 
design of the McCook Reservoir and in the immediate design of other experiments dealing with 
the McCook Reservoir project. Finally, it has opened the door for other research in the area of 
bubble plumes and suspended sediment. 
There are many different aspects of this research that could be explored in greater detail. 
It would be very useful to take a few point samples of sediment concentration by drawing small 
samples of water out by hand and drying the known volume. This would be a good check to see 
that the OBS-3 measures sediment concentration reliably. Another aspect of the research to 
explore would be the wall effects caused by the tank. This could be investigated by running 
experiments in a tank that had a much larger width to depth ratio so that the walls would be a 
much greater distance from the bubble plume. These experiments would be very helpful in 
looking at the wall effects of the tank on the bubble plume. It would be interesting to run 
experiments at different depths of water for a couple of reasons. First of all it would be 
important to see if at smaller depths more of the energy of the plume was lost through the surface 
of the water. Since the McCook Reservoir will not always be completely full it would be 
important for design purposes to know how the bubble plumes would work at small depths. 
Different depths would also be helpful in testing the usefulness of the residence time scaling. 
Smaller depths would increase the value of the parameter so it should be expected that more 
settling would occur in the same amount of actual time. 
The final recommendations are probably the most important. Different sizes of particles 
must be used in the experiments. Particles that are representative of the smallest particles in 
combined sewer overflow waters should be used. Work should also be done to determine the 
size ranges in which that the organic particles will most typically be so that those ranges can be 
explored in greater detail. It would be interesting to put several different size particles in the 
tank at the same time and at least get a visual idea of what is going to happen since it would be 
hard to measure the concentrations of the different size particles independent of each other. Any 
experilnents or data sets that could be conducted or obtained to test the validity of the scaling 
done in this work would also be extremely beneficial to the design of air diffuser systems and the 
McCook Reservoir project. 
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APPENDIX A-SEDIMENT CONCENT TION PROFILE DATA 


Table A.lb--Profile data for Experiment 1, M=O,,O236,Q=lOcfi, sediment cmcentration=O.%g/B 
A Background 
sediment 1 sediment 1 Sediment 
~ o n c .I ~ o n c .I Conc. 
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APPENDIX B-CALIB TION CURVES FOR OBS-3 AND MSCTI 

Figure B.1-Temperature calibration curve for the MSCTI, the Y-axis is one over the 
temperature and the X-axis is the natural log of one minus the output voltage 
for a given temperature divided by the minimum output voltage. This was 
done so that the equation of the calibration curve would be linear. 
Table B.1-MSCTI teqerature probe calibration data 
I T ( O C )  / T (OK) I Volts / 1/T / ln(1-VtIVtoff) I 
0 10 20 30 40 50 
Conductivity ( d l cm)  
Figure B.2-Sample conductivity calibration curve for the MSCTI. The conductivity 
probe was recalibrated for every experiment and it was always done 
using five data points and the same calibration standards. Conductivity 
was then converted to percent salinity as outlined in Rehmann (1995). 
Table B.2-Connductiviitgr calibration curve data 
Voltage mS/cm % Salinity 
-4.39 1.7 0.1 
Table B.3-Drift test data for the MSCTI. Over a four-hour period 
the probe was recalibrated and no significant drift was 
found. G is the slope of the calibration curve while Vcoff 
is the Y-intercept 
I 1 I Volts I 
~4 n i n i i n  n i n q n  n i o o n r  n ininr l  n i n n n n l  
W . l T 1 l T  W . l T L 4  W . 1 0 0 4 3  W . l T l T 3  W . l T W 4 4  
Vcoff= -4.79093 -4.81 119 -4.69378 -4.81007 -4.79372 
gg 1 hour 
2 hours 
x 3 hours 
x 4 hours 
Linear (0 hours) 
- - - - - Linear (1 hour) 
T :  .---../'n 1- - - - - \1 - -- unt=ar (L Iluurs)~ 
1 - ...- Linear (3 hoursji1 - .- -Linear (4 hours), 
Conductivity 
Figure B.3-Calibration drift test plot for the MSCTI. As was stated in Table B.3 and can 
be easily seen in this figure the probe did not have a significant amount of 
drift for the range of salinities over the course of the test. 
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Volts 
Figure B.4-Calibration curve for the OBS-3 which was calibrated using 5 data points and the 
setup that was displayed in Figure 3.13. Since the curve is a second order 
polynomial it was only accurate between the values shown of zero and 0.1 gll. 
Table B.4-Calibration curve data for the OBS-3 
Volume of Bulk Sediment Sediment Concentration OutputCalibration Concentration 
tank (1) (grams sedimentlliter of water) (8) Voltage 
